A bimodal size distribution of two dimensional islands is inferred during interface formation in heteroepitaxial growth of Bismuth Ferrite on (001) oriented SrTiO3 by sputter deposition. Features observed by in-situ x-ray scattering are explained by a model where coalescence of islands determines the growth kinetics with negligible surface diffusion on SrTiO3. Small clusters maintain a compact shape as they coalesce, while clusters beyond a critical size impinge to form large irregular connected islands and a population of smaller clusters forms in the spaces between the larger ones.
A bimodal size distribution of two dimensional islands is inferred during interface formation in heteroepitaxial growth of Bismuth Ferrite on (001) oriented SrTiO3 by sputter deposition. Features observed by in-situ x-ray scattering are explained by a model where coalescence of islands determines the growth kinetics with negligible surface diffusion on SrTiO3. Small clusters maintain a compact shape as they coalesce, while clusters beyond a critical size impinge to form large irregular connected islands and a population of smaller clusters forms in the spaces between the larger ones. Control of atomic-level processes in heteroepitaxial thin film growth is critically important for the formation of interfaces in artificially layered nanoscale structures. In turn, growth modes determine or influence important interface properties such as roughness, chemical intermixing, defects, and strain. Phenomena typically observed in homoepitaxy arise from well-known processes of random atomic deposition, surface diffusion, and the aggregation and coalescence of two-dimensional (2D) clusters. [1] At moderate growth temperatures, these processes lead to layer-by-layer (LBL) crystal growth. [2, 3] In heteroepitaxy, defined as layered crystal growth of two or more materials with compatible crystal structures and lattice constants, there are other modes than can be observed. [4, 5] The best known of these are threedimensional (Volmer-Weber) and 2D followed by a transition to three-dimensional (Stranski-Krastanov). However, there may be additional possible modes involving only 2D structures during LBL growth.
Here, we discuss a case of heteroepitaxy where interface formation is dominated by coalescence of 2D clusters. In the case we will consider, surface diffusion on the substrate surface is very low so that the mobility of single monomers can be neglected. However, surface diffusion of deposited monomers that land on the overlayer and at the boundaries of overlayer islands is fast in comparison. This leads to efficient coalescence of compact 2D islands over a range of length scales, and the system exhibits kinetics that are more akin to droplet growth processes (Family and Meakin, Blackman and Brochard, Refs. 6-8) than to standard surface diffusion driven aggregation and coalescence.
In the case described above, clusters should theoretically grow exponentially with deposition time. [6] The process would lead to a single cluster covering the entire sample surface, except for kinetic limitations that set in at a material dependent yet well-defined length scale. Growth models incorporating the effects of kinetically limited coalescence have previously been developed. posited metal thin films on inert substrates. [9] [10] [11] Similar observations have been reported for ultra-thin epitaxial metal films that initially grow in a Volmer-Weber mode on single-crystal oxide substrates, followed by coalescence into islands with a distinct bimodal distribution. [12] In this letter we show that the ICM can be adapted to describe experimental observations of the layer-by-layer growth process in a case where the predictions of standard LBL growth models fail. One important prediction of ICM is a bimodal distribution of 2D cluster sizes in good agreement with the experimental data. This model may find wide applicability in cases where there is a disparity in surface diffusion coefficients between the substrate and the film. An intriguing example is for SrRuO 3 growth on SrTiO 3 where a change of the surface termination during the first growth layer leads to a large enhancement of surface diffusion of monomers on the overlayer. [13] BFO has attracted much interest due to its high ferroelectric polarization, coupled with antiferromagnetism and weak ferromagnetism. [14, 15] . For this study, epitaxial films were grown on TiO 2 -terminated (001) SrTiO 3 (STO) substrates using on-axis radio-frequency magnetron sputter deposition in a custom growth chamber situated at beamline X21 at the National Synchrotron Light Source. Film growth was monitored by in-situ xray scattering using radiation with λ = 0.124 nm. A fast single-photon counting x-ray area detector was used to simultaneously record the evolution of specular and diffuse intensities near the anti-Bragg scattering condition. The morphology of the final surfaces were also corroborated with ex situ atomic force microscopy (AFM) measurements and by additional x-ray diffraction measurements. Fig. 1(a) shows a time slice from a series of images recorded during BFO deposition and corresponds to 0.5 unit cell (UC) nominal film thickness. The image shows an almost perfectly circular diffuse ring that forms around the specular reflection, indicating the presence of correlated 2D islands on the surface. The specular spot near the center of the image is elongated due to the terrace structure of the STO substrate, where a step spacing of ≈ 700 nm was observed by AFM. Fig. 1(b) shows the integrated specular and diffuse intensities at (0 0 0.5) for deposition to 7.5 UC of BFO. In this letter, we focus on the the submonolayer deposition regime. An important feature to note is that while the specular intensity reaches a minimum at coverage θ = 0.5, the diffuse intensity continues to increase monotonically up to θ = 1.5. This unusual behavior is due to the late peaking of the diffuse scattering during growth of the first unit cell, which we will explain in detail below, and also due to the nucleation of the second layer before the completion of the first layer.
More detail is obtained in Fig. 1(c) , where circularly averaged Q r radial profiles vs. time are presented. The absence of any strong features below θ = 0.5 indicates that the nuclei formed on the surface are very small, < 5 nm. Broad features extending up to Q r ≈ 0.5 nm
are found to appear for θ ≥ 0.5, indicating formation or coarsening of clusters at very short length scales ≤ 20 nm. The strong "ring" feature also becomes visible at about the same coverage. The evolution of the diffuse intensity for θ > 1 appears to be compatible with the standard LBL growth mode via surface diffusion and aggregation. However, our observations for θ < 1 are inconsistent with standard LBL since it predicts strong diffuse scattering in the aggregation regime, peaking in intensity at ≈ 0.5. Fig. 1(d) shows the radial profile for a single frame at θ = 0.5. The data is fit using the empirical form suggested by Brock et al. [16] I(Q r ) = I 0
where Q r,0 determines the peak position, and ξ the peak width. Two different diffuse components are observed at Q r,01 = 0.09 nm −1 and Q r,02 = 0.31 nm −1 indicating surface features of different length scales. The separation between the two components is considerably larger than what we expect for a single population of disk-like features on the surface, based on calculated structure factors. Specifically, the disk structure factor
2 produces a series of fringes, but these are too closely spaced to produce both components observed in the data of Fig. 1 . In this expression, R is the disk radius and J 0 is the Bessel function of the first kind. cant coarsening of the sharp component indicates that some mechanism plays a role to prevent the coarsening of large islands. Below, we discuss these results in terms of a coalescence-dominated model.
Standard models of LBL growth generally involves three regimes: nucleation (θ ≤ 0.1), aggregation (0.1 < θ < 0.4), and coalescence (θ > 0.5). [17] Initially, deposited monomers diffuse on the substrate, and a stable nucleus is formed when a critical number of them meet. Once a high enough density of nuclei is reached, the monomer density drops dramatically and the nucleation rate drops correspondingly. Aggregation thus refers to the growth of existing clusters at a nearly fixed number density. Finally in the coalescence regime, the islands begin to join together and eventually form a continuous layer. Impingement is a special case of coalescence where the redistribution of matter among islands does not take place after their collision. [18] Our experimental observations lead us to a different model: (a) very little surface diffusion, producing small length scales in the early stages of monolayer formation; (b) formation of compact clusters on the surface, so that the asymptotic form of the structure factor is S(Q r ) ∝ Q −3 r as Q r → ∞, as for disks; (c) irreversible attachment of monomers to the islands, since relaxation effects after deposition is stopped are minimal. In order to model this process, we have performed Monte-Carlo simulations on a 1000 × 1000 array. Clusters are assumed to be perfectly compact disks with irreversible monomer attachment, and monomers landing atop existing islands migrate instantaneously to the island edge. We assume the critical cluster size i = 0 case with no diffusion. Consequently, there is no aggregation regime and coalescence effects dominate for all coverages.
The FM model has been studied for surfaces of dimension d and droplets of dimension D for many combinations with D ≥ d. [6] [7] [8] Our experiments relate to the case D = d = 2, i.e. two dimensional clusters on a 2D surface. This leads to a situation where the mean cluster size grows exponentially. This behavior is inconsistent with our BFO radial profiles, where the low-Q peak shifts very little with coverage. In addition, FM with D = 2 does not lead to a bimodal distribution of cluster sizes and we find that the structure factors produced by this model do not have a pronounced sharp component as we have observed in our experiment [ Fig. 1(d) ].
After considering several possible mechanisms to limit the growth of the largest islands, we decided to add the ICM mechanism to our model. [9] Monomers (or particles with a size R 0 ) are added to the surface in random locations, as in FM. However, once clusters reach a certain critical size R c they no longer coalesce by merging with each other, rather the clusters impinge without combining. Deposited monomers and small clusters below the cutoff are still allowed to combine with larger clusters. This model results in the formation of irregular connected islands composed of impinging 2D clusters. Fig. 3(a) shows ICM results for θ = 0.5. At this stage, the great majority of clusters have not reached the cutoff size. Small clusters are continually replenished because when clusters merge their centers move together, exposing a region of the surface for new clusters to nucleate. This regeneration effect is central to the FM mechanism. Fig. 3(b,c) show two views of a cluster map for θ = 0.75. At this stage the largest clusters have formed connected islands, while a second population of smaller clusters continues to develop within the interstices of the larger ones. Thus, a feature of ICM with D = 2 is the formation of a bimodal cluster distribution. It is caused by a depletion of clusters just below the cutoff size, which are most likely to collide and coalesce with larger clusters. We also observe that θ = 0.75 is close to the percolation threshold θ p , since the largest connected region nearly spans the map. This is in agreement with the results of Yu et al., who find θ p ≈ 0.78 for ICM with R c /R 0 = 4. [9] Fig. 4 shows results for structure factors generated from ICM cluster maps. Fig. 4(a) shows the total diffuse scattering as a function of coverage up to θ = 1, FIG. 4 . Calculated structure factors for ICM. (a) illustrates that rather than peaking at θ = 0.5 as the total diffuse scattering intensity does (line), the integrated intensity with Qr < 0.8 reciprocal lattice units (r.l.u.) exhibits a delayed peak at θ = 0.65 (circles). For comparison, the triangles show the rescaled total diffuse intensity from Fig. 1(b) . Plot (b) shows the two component fit at θ = 0.70. (c) shows the evolution of the lineshape at three coverages, illustrating the sudden appearance of the narrow component for coverages above θ = 0.5, and sharpening of the line shape near θ = 0.8.
as well as the integrated intensity within a region of Q r meant to illustrate the diffuse intensity striking a detector of limited size. At the early stages when clusters are very small, a small fraction of the total intensity reaches the detector. This behavior reproduces our experiment, where very little diffuse signal is detected for θ < 0.5, and the peak occurs late so that it merges into the diffuse signal after the second layer has nucleated. We have included the experimental diffuse data from Fig 1(b) in Fig.  4(a) for comparison, which is consistent with continued coarsening for θ > 0.65 as shown in Fig. 2 , implying that the approximation of instantaneous island coalescence is too drastic. Fig. 4(b) shows a two component fit of the radial profile of the structure factor for θ = 0.7, where a pronounced second component is observed. Fig. 4(c) shows the evolution of the lineshape for disconnected islands (θ = 0.5), connected islands with a strong component from the smaller islands (θ = 0.65), and at percolation where a significant fraction of the small islands have merged with the connected regions (θ = 0.8). The results reproduce the sudden appearance of the sharp peak, which has been one of the most puzzling aspects of our experimental data. We find that tuning R c has little effect on the shape of S(Q r ) at a given coverage, but simply changes the overall length scale.
To conclude, we find that a coalescence-dominated model explains the structural evolution during interface formation in BFO layer-by-layer growth on STO(001). The growth mode is distinguished from standard layerby-layer growth by a bimodal cluster size distribution, which we have observed experimentally and confirmed through simulations.
